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CHAPTER 1 

INTRODUCTION 


The outstanding feature of ferxi-tes as magnetic 
materials is their high resistivity ifthich makes them 
particularly suitable for applications in high frequency 
systems ere its high resistivity ensures low losses. The 
ferrite industry v/as established about thirty-five years agi 

' f 

following the classical investigations of J,L, Snoek'^, 


Ferrites are oxides with a formula MeOFe202» where 


Me represents divalent cations like Mn,Fe,Co,Ni,Cu,Zn etc,, 
and has an inverse spinel structure. Oxygen with relative!’ 
larger radii form an face centered cubic lattice. In this 
closed packed structure two kinds of interstitial sites 
occur, the tetrahedral (A) and octahedral (B), sites which 


are surrounded by 4 and 6 oxygen ions respectively, A unit 


2 - 

celi has 32 0 ions with 64 tetrahedral and 32 octahedral 


sites. The metal ions having radii 0,4 - 1,0 A are distri- 
buted amongst these sites. 


The distribution of cations at A and B intexs^tices 
give rise to three type of spinel structures s 
(1) ‘Normal spinel* in which Me occupies the tetrahedral 

position and Fe^"^ in the octahedral position and is 

... . > 

written as Me [Fe 2 ] 04 , 


(3) 


(2; ’Inverse spinel' in which 

^ occupies thp rv/v+ u -i 

position tooetho,. , ' octahfi<iral 

together with half of Fe^ . 

half Fe^ . while the other 

occupies the tetrahedral oosi +4 

«»itten as FefMeFeJO^:. " 

'Interaediate spinel ^ a. , 

as [Me. Fe In 

The distribution of 

on crystal field theor ^ ™ong$t these sites based 
rf tne magnetic inter-er-n^vs / 

""" “ ’•""=« » ... 'T'"”""'*’ 

ions amongst the erystalloo k- . ”«gnetlc 

diameter and charge of » influence , 

ala cation on 

• .«• i. „ ^ ‘ " 

“• ™ »«.» « •• 

account* s isust be taiferj Into 

ister. Blasse^ deduced the site < 

qualitatively usit^ field thco 

theory is the use of mole I'V. Ugand field 

-t^-alent --Ing l^:::^" ^ 

--Itaneously. me results obtained are m " 

«>- duo to crystal field th^! 

2 + ^ strong preference for 6-foid 

ond Zn^^for 4-foid coordination, the 
to A site is utilised to imore«„ . 

Of 


. 2 + . 

to niefeoi 




from the peak value as the reduced number of Fe^ foils lii 
sitOs becomes less able to maintain the alignment of B 

■ V 

sublattice moments against BB interaction^ theourie 




basis of random distribution of incomplete superexchangO 



where is the exchange constant w^lch depends on the 
distance between magnetic ions and the symmetry of local 
arrangement of anions and cations* The various intera- 
ctions possible in a spinel are AA,BB and AB interactions, 

6 

Bongers et ai* studied the curie temperature varia- 

3+ 

tion as a function of Fe on A and B sites for Ti and 
Sb substituted MgFe^O^ and calculated J^g(FG^-Fe^) using 
the slope of the curve. He was also able to account this 
temperature variation on the basis of strong BB interaction 

The exchange constants for titanium substituted 
Ni 2 Zn using 3-sublattice Yafet-^ittel 

7 

type model of Satayamurthy et al. , was calculated by 1 

Misra® and found the results ^preeable with those of ^ 

9 

Sreevastava et al, , 

2 4+ ^ 

Gorter reported that the effect of Ti ion in an 

inverse spinel ferrite is to replace the ferric ion 1 

completely or partly thereby reducing the saturation ' 

A-u 

moment. Ho had worked on the effect of Ti ion on nickel 
ferrite and nickel zinc ferrite where the titanium ion 

t 

occupies liie octahedral sites only, 

t 

According to J,E, Knowles^ the effect of Ti^ ion f 
in Mn-Zn ferrite is to localize ferric ion which increases > 

f 

resistivity and reduces loss. The anomalous results when 


tin ion, Imen forrito Is cooled dowi from high te>^X3(ratur« 
the quatrivalent ions tend to migrate to the preferred 
B sites which is facilitated by the presence of cation 
vacancies. During this process upto l/3 of larger tin ion 
gets ♦frozen in* in A site thereby increasing the magneti- 
sation, But the replacement of Ti^ ion by Sn'^ ion lowers 
curie i^mperature (T^), The lattice parameter is also found 
to increase with tin content. 

Stingos et al,^^ found the substitution of in 
Mn-Zn ferrite takes place on octahedral sites by replacing 
2Fe by Fe +Ti under reducing conditions, which increase; 
magnetic anisotropy. The lowerir^ of curie temperature i 
with titanium addition was found to be very small. He had 
also studied the variation of saturation roagnotisation CM_) 

3 

with titanium addition. 

For 21n^ Fe^O^ as V value decreases the material 

becomes magnetically softer - to harder. In soft ^as 

in our Ml Zn Fe 2^4* the internal magnetic forces are 

relatively ssmll, implying th^t anisotropy is small iintl 
domain walls movement are easier , Ihus the magnetic spins 

I ■ ■ 

yield easily to external field 

The coereivity is small and the curie point Is low. 


The properties of ferrites depend on micros true ture 

and chemical composition^ The effect of processing paxa- 

meters on the microstructo:e demlojwaent of Mt *7 

IZ 


f eri^ite is discussed by C3%ta*‘^* Ihe properties a^e sensitive 
to stoichiometry^^, Sintering of inich ferrites ar4 carried 
out at 1100-1250®C* High sintering temperature leads to 
dense product* Slick and Blassches^^ noted sublimation of 
zinc oxide in Mn^n ferrite as a result of decrease of oxygen 
content or increase of sintering temperature* ^he partial 
pressure of zinc is maintained by the use of pacJcing a*at^ 
while firing thereby avoiding the loss of zinc from 

15 


V.V, Pankov et al^t'' have vworked on the mechanism of 
Ni^-Zn. ferrite tormatibn*,. ■ They-have- ■ sho^. that'^tN^’f^i^tioh'-''' 
zc'ti#..;; of-; witeracting ■ ■ :wii.th ; ferri^te ?phase.. ' 

crystallizes on iron oxide* Also^ the interac^Ofit 


solid:' so^lution stfith Fe 20 ^. takes place’ by , thd- 

, Fe ard ion in^^rdi^f^ and have applied 


Fe 


v; 


determine the reac tion r ate co n s t an 

Mit^ f* the 

to 1/2 after double ferritj 


concentratibn of free 


sation cOE^red te the single process under same codditlens 




The lattice constant of the 

tv 


whoaje range of Ni^ 


The variation of saturation magnetisation with 

temperature for some ferrites of 

19 

are given in Smit and Wijn , The saturation magneti- 
sation, an important property of soft ferrites^ was 

2 

extensively studied by Gorter and brought out a clear 
picture in the magnetic saturation tfloment between theore- 
tical and practical values. 



CHAPTER 2 


ABA OF THE PROBLEM 


High-valent non-magnetic cations when substituted in 
ferrite are expected to create vacancies under oxidising 
conditions. This should result in a monotonic variation of 
lattice parameter* saturation magnetisation and curie tempera- 
ture, However# a sharp initial dip and subsequent rise in the 
lattice parameter, curie temperature and saturation magnetisa- 
tion was observed in case of titanium substituted Ni-Zn ferrit 
by earlier workers * , Similar behaviour of magnetic moment 

gi 

25 

in other high-valent substitutions was also observed , The 
samples prepared by the above workers were by solid-state 
reaction and the chemical homogenity of the final material 
were thought to be insufficient. 


Hence, it was decided to add high-valent dopants Such as 


titanium, zirconium and tin by solution method to Ni ^Fe20 


and verify the following parameters. 


1) Variation of lattice paramoters, 

2) Variation of saturation magnetic moment, and 


3} Curie temperature va^. ration with the addition of the 
dopants. 

The dopants Ti^, Zr^ and Sn^ have ionic radii close 
to that of Zn^'*’ and Fe^ so that they can substitute ions 

from base Ni-Zn ferrite. 


CHAPTER 3 


EXPERIMENTAL METHOD 


RAW MATERIALS 

The raw materials used for preparation of Ni-Zn- ferrite 
and corresponding dopants are given below. 


Raw materials 

a) Nickel metal (Ni) 

b) Zinc metal (Zn) 

c) Iron metal (Fe) 

d) Titanium metal (Ti) 

e) Zirconium metal (21r) 

f) Tin metal (Sn) 

g) Sulphuric acid (H2S0^) 

h) Nitric acid (HNO^) 

i) Hydrofluoric acid (HF) 


■ Grade 

> 

> 


Crystal bar grade 

Crystal bar grade 
>99.5/ 

Crystal bar grade 
>99.5/ 

799/ 

A.R. 

A.R. 

L.R. 


For packing material iron oxide, nickel oxide and zinc 
oxide of L.R. grade are used, 

3,2 PREPARATION OF THE PACKim MATERIAL 

The nickel oxide, rinc oxide and iron oxide powders 
were weighed accurately in an electronic pan balance 



(Osbar^ Germany) following Table 2* Hand pellets were 
made with 5 percent PVA (polyvinyl alcohol) as the binder. 
The pellets were fired directly in an electrically heated 
silicon-carbide furnace at 1200^G for 6 hours in sillimanite 
crucibles. After firir^, the pellets were ground in an 
agate mortar to fine powder (-50 mesh), 

3,3 PREPARATION OF SAMPLES 

3.3.1 Preparation of base solution 

Nickel : The nickel metal powder was weighed accurately 
as in Table 2, The metal was dissolved in hot concentrated 
nitric acid. The required amount of the solu;tion was made up 

I 

Zinc ; The zinc metal was cut into small pieces with diaiaond 
wheel cutter and weighed accurately. It was then reacted 
with hot concentrated sulphuric acid. The zinc sulphate 

I 

formed was slowly dissolved in distilled water by constant 
stirring and slow heating. The required eanount of solution 
was prepared. 

Iron 5 The weighed amount of iron was dissolved in ^ percen 
concentrated nitric acid and IJie required amount of solution 
was prepared. 

3.3.2 Mixing of the base solution 

The base solutions of nickel, zinc and iron containihg 
their respective salts were then thoroughly mixed to give 


a clear solutions. The amount of solution prepared was 
noted and the strength was calculated, 

3.4 PREPARATION OF DOPANT SOLUTIONS 

Titanium 5 Known amount of titanium (Table 3) was taken 

j 

in a platinum crucible and hydrofluoric acid was added. 
It was gently heated to completely dissolve the me ^1. Tl 
solution was then added to a beaker containing sulphuric 
acid and a predetermined amount of solution was prepared. 

Zirconium ; In a similar manner as titanium, zirconium 
was treated with hydrofluoric acid for 6 to 8 hours to 
completely dissolve the metal. This solution was Ihen 
added to sulphiaric acid to prepare the standard solution, 

f . 

{ 

Tin : Tin was heated in concentrated sulphuric a|iid 

V 

the metal was completely dissolved and a predetermined 
amount of solution was prepared, 

3.5 ADDITION OF DOPANT SOLUTIONS 

The exact volume of dopant solutions required for 
adding to the base solution in order to get the required 
weight percentages of the dopants were calculated. The 
calculated volumes of the dopant solutions were added to 
the base solution slowly with uniform stirrii>g* 

Dopant-Padded solutions of different percentages were 
separately prepaid d as shown in Table 3. 


3*6 DRYING OF THE MIX1URE OF SOLUTIONS 


The solutions prepared as above were then heated 
to dryness in an oven kept in the ftming chaniber* The 
heating time was about 4 to 5 hours, 

3*7 THERMAL DECX3MPOSIXION 


The dried salts were than transferred to alumina 
crucibles* Then they vrere heated in an electric furnace a 
800°C for 4 hours. At this temperature the decomposition 
of all liie salts present takes place to form the corres- 
ponding oxides* A fine mixture of oxides was got in 
correct propositions of weight. i 

3*8 mAT TREAB^NT 


The decomposed sample in the form of fine powder 
was ground in an agate mortar to yield a thdwjsgh mixture. 
With the use of ^aall amoun,t of RYA as the Mndai^ j^ilets 
were hand formed* These pellets were covered with packing 
material and fired at 1200^C for 2 hours. 


After cooling If the sauries were reground to fine 
powder. Small pelle ts of 3 mm dia[^tep were pa^ i^ a 
punch and dye with the help of PVA as^ W 
sample was again hand formed with the safne binder* the 


pellets Vi®xe re fired at 12DO^C for 4 hours iri alumina 


After cooling, the hand foxtned samples were ground to 
fine powder (-50 mesh) for x-ray studies. The 3 mm dionl 
pellets were used for magnetic studies* 

Throughout the firing operation, the teir^erature of i 
furnace was controlled carefully by the use of on-off con- 
troller (Leeds and Nor'Uirup, Eiectromax), A temperature 
profile of the heating muffle was drawn with the help of 
Platinium-Platinum 10 percent Rhodium thermocouple to 
locate the region of desired temperature. 

3*9 X-RAY ANALYSIS 

3.9.1 Optimising the ferritisation temperature 

The base Ni ^ Zn ^ powder was studiec 

in Seifert X-ray diffractometer (Geirmany) with ohremiiaa 
as target. X-ray diffractograms were taken for sauries 
fired at different temperatures and the data were comparec 
with ASIM data of the NIO, ZnO and ^hd for the finaJ 

product, 

3.9.2 Characterisation of Ni-Zn ferrite 

The X-ray diffractogram of the base sample was taker 
and the d-spacing was compared with ASTM data for Ni-^n 
ferrite, 

3.9.3 Step scan analysis 

The shift iri d-vaiues for different dopants at 
various weight percentages can be found out only by notln< 


the exact peak positions. This was done by the use of 
automatic step scan available in Seifert X-ray diffra- 
ctometer. 

First by knowing the approximate peak positions, the 
sample was set about 0,5 degree less than the maximum 
peak position. The angles were then changed by steps of 
0.05 degrees and the number of counts for ten seconds at 
each step were printed automatically. The counts were 
plotted against the angle to determine the exact peak 
position. This was repeated for all peaks and samples, 

3,9,4 Lattice Parameter Calculations 

The measured angle (29) values and the wavelength of 
ihromivan target used were given as data in the computer 

progrsaa for calculating iiie d value and the corresponding 

'■ S ‘ 

lattice parameter. The lattice parameter values were 
plotted against the Nelson-Riloy function f(6). The 
curve of f(©) versus the lattice parameter (a) is expecte' 
to be a straight line and the extrapolated *a* correspond 
to f(0) = 0, using the least square fit gives /accurate 

’ I 

value of ’a* (Refer Appendix), f ; 

3.10 MAGNETIC MEASUREMENTS i V, . 

3,10.1 Saturation magnetisation -• 

The samples were prepared for magnetic studies as in 
Section 3,8, The pellets were weighed accurately. The 


samples were then tested in the magnetic field of a parallel 
field vibrating magnetometer (PARC model 150A), In this 
magnetometer, the samples are kept at vibration in vertical 
direction and iiiG magnetic field applied acts horizontally. 

The magnet is capable of producing a maximum field of 
10 K Oe with a pole gap of 2,5 inches. The induced a,c 
field produced by the sample in a pair of secondary coils 
placed on both sides of the sample is amplified and compared 
with the signal produced by a standard magnet giving rise to 
an output signal which is proportional to the magnetic 
moment of the sample. 

The magnetic field was applied gradually in steps upto 
10 KOe, and the saturation moment of all samples at this 
field were taken at room temperature. 

The saturation moment is given by 

cr = (emu/gm ) or by %M^{gaus$) 

where is the observed magnetic moment, m is the mass of 

the sample, and M is given by M_ = d x , ( -density gms/cc) 

s s 

3,10,2 Curie temperature 

The variation of magnetic moment with temperature 
at residual field of O Oe were observed for all the samples. 
The temperature of the samples were measured by MiCjviNliAl 
thermocouple. The heating rate of the samples were slow and 



17 


uniiorm. Near the expected value of curie teftperature (T )* 
the magnetic moment variation at very small (2-5 degree 
centigrade) were noted. Then versus T curyc-s were plotted 
using interpolation techniques. The ferromagnetic transition 


temperature (T ) is defined as that temperature at which 


dg 

dT 


versus T curve shows a minimum. 




CHAPTER 4 


RESULTS 

4 . 1 RAW MATERIALS 

The samples and the packing material were prepared 
in accordance with the compositions given in Tables 2 and 3^ 
About 10-15 grams of batch of sample and 500 grams of 
packing material were prepared, 

4.2 PREPARATION OF PACKING MTERIAL 

A ferritised powder was obtained when the raw materials 
were fired at 1200*^0 for 6 hours. The composition was 
chosen similar to the basic Ni -^Fe20^ ferrite. 

Zinc has a low vapour pressure and sublimates at high 
temperatures. To prevent the expulsion of zinc from the 
sample during firing, proper oxygen partial pressure was 
'provided by covering the samples with packing material. Pure 
zinc-oxide was not used as the packing material to avoid the 
diffusion of zinc from the highly concentrated packing zone 
into the sample, 

4.3 PREPARATION OF SAMPLES 

4,3*1 Preparation of base-solutions 

Nickel t The nickel metal was readily dissolved In 
hot concentrated nitric acid to form nickel nitrate. The 


nickel nitrate fonoed decomposes to nickel oxide before 
it becomes anhydrous^^ as 

2Ni(N03)2 = 2NiO + + 0^ 

Zinc { Zinc metal forms zinc sulphate on heating with 

concentrated sulphuric acid. Zinc sulphate decomposes 
o 

at 600 G to form zinc oxide , . 

Iron ; The iron metal was dissolved in nitric acid with 
slight heating. Iron nitrate decomposes to iron oxide 
on heating*" as 

Fe + 2HNC3 ^ 1^3)2 + H2 

6Fe{N03)2 + 5“ 3 Fe 203 t (2H6+IOHMO3) - 

4 , 3*2 Mixing of the base-solutions 

the mixture of solutions containing the salts of iron, 
nickel and rinc was clear ar>d homogenous. 

4.4 Preparation of dopant solutions 

The dopants were dissolved in acid and then added to 
the baso^solution. This was done to improve the homogenity 
of the dopants with the basic Ni-Zn ferrite* 


f 



Titanium and zircanium did not dissolve in sulphuric 
acid as the motals were not in the powdered form. So 
these metals v/ere initially dissolved in hydrofluoric acid 
and further treated v/ith sulphuric acid to form the 

0-5 04 

corresponding metal sulphates * , The solutions were 

gently heated to evaporate the hydrofluoric acid. The 

evaporation of hydrofluoric acid was observed as white fumes* 

The titanium and zirconium sulphates decompose at 70^^C 
o 25 

and 798 C respectively , Tin dissolved readily in 
sulphuric acid to form tin sulphate which decomposes to tin 
oxide on heating, 

4.5 APDITION OF DOPANT SOLUTIONS 

The amount of dopant solutions added to the base- 
solution vma in accordance to Table 3, The solutions were 
added using a micro-burette which reads up to 0.05 ml, 

4.6 DRYING 

The solutions when dried gave a mixture of salts 
containing iron, rmckeli zinc and dopants in proper pro- 
positions, 

4.7 THERMAL DE00M^5^TI(^ 

The salts of various elements jpresent af1xs3; di^ng ^ 
thermaily decoui^osed to- form, their vcorrespondih#^-'^dkldeS'i;';.: "The . 
ecMmpletd decomjpositidnv^ihsS^'-'veiifi^^ their:- loss* The- 
oxides were ohtafeiod rn the form of fin© particles. 


4.8 HEAT TREATMENT 


The initxai grinding of" the nietal oxides improved 
the homogenity. The handformed pellets were made to 
improve ferritisation rate. The use of packing material 
avoided zinc escaping from the system , 

After initial firing at 1200 °C, the material was 
reground thereby further improving the homogenity of the 
metal oxides, Complotely ferritised sample- was obtained 
after refiring at 1200*^0 for 4 hours, 

4,9 X-BAY ANALYSIS 

4.9.1 Optimising the ferritisation temperature 

The X-ray diffractograms were taken for all 
Ni ^n yFe^O^ samples fired at different temperatures, 
ranging from 1000 to IISO'^C, The ferritisation was 
complete at 115G°C. This was indicated by the peaks in 
the diffractogram when they vi/ere identified with that of 
the final product. The firing temperature was chosen 
50^0 above the required temperature to ensure complete 
ferritisation, 

4.9.2 Characterisation of Ni-Zn ferrite 

The result of tiic X-ray diffraction lines of base 
is given in Table 4, The d-spacings were 
compared with the ASTM data for Ni-Zn ferrite. The hkl 


Ni 3Z n 


indices were adopted frc«n the ASTM data. The (311) planes 
refer to the maximum observed intensity, 

4.9.3 Step scan analysis 

The counts of the peaks in, steps of 0,05 degree were 
taken. The angle (20) versus the counts were plotted and 
the curves in all the cases were sn^oth* Hence, the exact 
2© value was determined as given in Appendix, 

4.9.4 Lattice parameter 

Accurate determination of lattice parameter is discussed 
in Appendix, The results of estimated d, hkl, lattice 
parameter and the corresponding Nelson-Riley functions are 
indicated in Tables 5,6 and 7. The extrapolated values of 
lattice parameter of all the samples are given in Tables 
5,6,7 and 9, 

Figure 1 shov;s the variation of lattice parameter 
with the addition of titanium, zirconium and tin in 
Ni ^Fe20^, 

It is observed for very small additions of titanium 
the lattice parameter decreases and for 0,5 wt ^ and above 
the lattice parameter increases. The dip is found minimum 
at 0,25 wt^ of titanium when the lattice parameter 
decreases from 8,417^ to 8,4127A, This is followed by a 
continuous increase at higher percentagos as seen in 
Figure 1, 


In case of zirconium addition (Figure l) the lattice 
parameter increases upto 1 wt ^ and then it tends to flatl 
up to 1*5 wt ^ , The solubility of zirconium is limited 
above 1 wt gg * The peaks of monoclinic ZXO2 were observed 
at 3 and 8 wt ^ The amount of Zr02 entering the spinel 
lattice is not calculated at these weight percentages* 

In case of tin the solid solubility is observed upto 
5 wt p the limit of this study. The lattice parameter 
increases monotonically for all weight percent addition of 
the dopant^ 

4,10 MAGNETIC MEASUREMENTS 
4,10,1 Saturation magnetisation 

The variation of magnetic moment with the applied 
field for base Ni 7^®2^4 room temperature is given 
in Table 8 and illustrated in Figure 2, The maximum field 
applied is lOKOe, The variation of saturation magnetic 
moment at room tsraperature with the addition of the dopant 
is given in Table 9 and Figures 7,8 and 9, 

In case of titanium addition the magnetic moment . 
falls steeply at low percentages followed by an increase a 
again falls to low values at higher percentages as seen in 
Figure 7, The minimum BKwaent of the initial dip is at 
0,5 wt 3^ of titanium addition. 


With 0*25 wt > of riitroniua addition the magnetic 
moment falls steeply from the initial value. Upto 1 wtjC 
the moment decreases by a small amount and above 1 wt 3*^ 
it increases by a small amount {Figure 8), The initial 
steep decrease of moment is found in tin additions upto 
0*5 wt 5^, Further additions upto 5 wt 5^ reduces the 
moment continuously by a small amount as shown in Figure 9. 

4*10,2 Curie temperature 

The variation of magnetic moment at residual field 
(40 Oe) with temperature was studied for Hi ^Zn 
after 2,4 and 6 hours of firing duration. The samples 
were reground after each firing and the nature of the curve 
Improved significantly with increased firing duration. The 
samples after 6 hours of firing shows a relatively sharper 
transition as seen in Figure 3, 

In Figures 4,5 and 6 the -temperature variation of the 
magnetic moment at residual field (40 Oe) for titanium, 
rirconium and tin additions is shown. The curie 
temperatures (T.) of all samples were determined with the 
help of a computer program (provided by Dr. M, Misra) 
involving spline interpolation technique. The curie 



Misra and they mateh very well. Table 9 sh^^s the curie 
temperature calculated for all samples dop^ with titanium, 
zirconium and tin. 


Figure 7 shows the variation of curie temperature with 
the addition of titanium in Ni ^n The transition 

temperature (T ) initially falls steeply and shows a niinxnnim 
at 0,5 wt i> . This is followed by an increase upto 1,5 wt 
when again it starts lov/ering at 3 and 8 wt ^ , The trend 
of this curve is similar to that of the magnetic moment 
variation curve {Figure 7). Similar dip is found in zirco- 
nium additions with minimum T at 0,25 wt 5^ (Figxore 8), Two 
dips are found for tin additions at 0,25 and 1 wt as shown 
in Figure 9, In both zirconium and tin additions the dips 
are not as prominent as in titanium. 


CHAPTER 5 


DISCUSSION 

SATURATION MAGNETISATION 

The present observations of variation of magnetic 
nit when high valent cations such as titanium, zirconium 
tin substituted Ni ^Fe20^ are the following t 

There is a steep fall of initial Magnetic moment 
in all three additions^ 

The initial steep fall is followed by a subsequent 
rise and fall in magnetic moment in the case of titan 
addition (Fig, 7). 

The initial steep fall is followed by a small rise in 
magnetic moment in ihe case of zirconium addition 
(Fig. 8), 

The initial dip is followed by a gradual decrease of 
magnetic moment in the case of tin addition (Fig. 9), 

The dip in magnetic moment when similar high valent 
ons were substituted in Ni-Zn ferrite was observed by 
ier workers * ' . The observed phenomenon of sharp 

ease of magnetic moment is quite contrary to the expec 
tonic decrease vdien high valent non-magnetic ions are 
tituted in Ni-Zn ferrite* 


Passible explanations were given by earlier 
26 27 8 . 

workers * *^o this observed dip in the magnetic m) 

26 

Das presumed the variation of magnetic rnoment with 
addition of all nortHonagnetic ions to behave in a sim 
manner as the addition of zinc around the compos! tio 
point* . The variation was. arbitrarily taken from sat 
tion magnetisation (M^) versus zinc content curve 
(Gorter^) and calculated the variation of in tita 
substituted Ni ^Zn based on Yafct-Kittsl^® re 

ship as, 

a Mjj sing - M^, 

where and are the saturation magnetisation of 

sublattices and is the canting angle of the s 

(M 

components of B* The calculation of the slope 

where x is the amount of dopant added was shown to h 
negative both for A or B site substitution of titani 
with slopes being different, 

27 

On the same basis Sen calculated the slope o 
magnetic moment with titanium addition in Ml ^n ^Fe 
and showed negative slopes in A or B substitutions* 
was no explanation given by the above workers for t 
subsequent rise in the magnetic moment* But in li^th 

f . 

t 

cases a larger negative slope was seen in A site occ 


Possible explanations were given by earlier 
workers^^*^^*%o this observed dip in the magnetic mo 

r. 26 

Das presumed the variation of magnetic moment with 
addition of all non-magnetic ions to behave in a sim 
manner as the addition of rinc around the compos! tio 
point* The variation was . arbitrarily taken from sat 
tion magnetisation (M ) versus zinc content curve 

5 

O 

(Goxter ) and calculated the variation of in tita 

5 

substituted Ni ^Zn based on Yafct-Kittei^^ re 

ship as. 


^s “ % sinip 




where Mj, and are the saturation magnetisaUon of 

sublattices and (it-2<p) is the canting angle of ttie s 

dM 

components of B. The calculation of the slope 


where x is the amount of dopant added was shown to b 
negative both for A or B site substitution of titani 
with slopes being different. 

27 

On the same basis Sen calculated the slope o 
magnetic moment with titanium addition in Ni ^e 
and showed negative slopes in A or B substitutions* 
was no explanation given by the above workea^ for t 

subsequent rise in the magnetic moment* But in Ii^th 

• ' / 

' f 

cases a larger negative slope was seen in A site occ 


than for B sita. In case of Das the slope was 1,6 times 


hftgher for A site occupancy and it was 5,7 times in the 
case of Sen ^ This difference may be due to two different 
compositions of iiie ferrite and hence two different canting 
angles. 


The analysis of cation distribution and calculation of 
saturation magnetisation by Misjra based on Satyamurthy*s 
3-sublattice model gives a better reasoning for the observed 
phenomenon, Irv the three sublattice model of ferrimagnetism 


the B subiattice is divided into B, and each of which is 

.12 


oriented at an angle (-jc-9) in opposite direction with respec 
to the moment of A sublattice where ^ is the Yafet-Kittel 
angle. He had calculated the canting angle for different 
additions of titanium from the interaction parameters of 
different cations which enabled him to calculate the cation 
distribution of titanium substituted Ni yFe20^, 


Based on Misra* s model# for small concentrations of 
titanium ions, the substituting ion enters the A site only. 
After a critical value of concentration it starts entering B 
site and at higher concentrations it enter A and B sites witl 
equal preference. 

His model. of Ti^-^ Fe^ + ^ (m resulting 

■ ■ A t- 

in half vacancy of divalent cation and Ti going to A site 
together with some transfer of Fc from A to B site account. 



tor the initial dip. After a critical composition, Ti^ 
enters B site resulting in a transfer of Fe^ from B to A 
site, thereby increasing the magnetic moment. At higher 
percentages Ti"^ enters both A and B sites and the 
transfer process of Fe is reduced to a low value. Similar 
analysis like Misra could not be carried out in the present 
work as the interaction parameters and the canting angle 
were not calculated. This restricted us in determining the 
cation distribution and hence the theoretical magnetic moment 

Misra’ s model may qualitatively explain the behaviour 
of variation with dopant addition in the case of 
zirconium which shows a sharp initial fall follov;ed by a 
small rise though this dip and subsequent rise is accentua- 
ted in the case of titanium. In tho case of tin the initial 
steep fall is followed by a gradual slope of the curve. 

This model is unable to explain the sharp initial dip in 
magnetic moment of 29,76 percent per wt ^ of titanium 
addition in Misra ’s observation and 26,63 percent, 33,92 per- 
cent, 19 percent, per l/4 wt ^ of titanium, zirconium and ti 
addition respectively in the present study. The weight 
percentage of titanium added was twice in the case of Misra 
with respect to the present observitjpn for nearly the same 
initial fall of magnetic moment. Also, the initial dip and 
subsequent rise is more pronounced in the present work and ii 
may be due to the better chemrcal homogenity of the dopant 


5*2 lattice parameter 


The following are the observation of lattice 
parameter variation with the addition of high valent ca™ 
tions such as titanium, zirconium and tin in Ni ^©20^ 
In the present study* 

l) The dip in lattice parameter was observed only in th< 
case of titanium (Fig* i)* The dip is followed by a 
mono tonic increase with higher additions of titanium* 
i) The lattice parameter of zirconium and tin additions 
increases linearly as the ions presumably go into the 
solid solution (J^ig* 1)* 

3) The peaks of monoclinic Zr 02 phase were observed at 
higher percentages indicating the limited solubility < 
zirconitmi* 


The observations of lattice parameter variation with 

i.- 

similar high valent cation addition in Ni-Zn ferrite by 

8 25 

S'arlier workers * are the following s 


L) a dip in lattice parameter was observed upto 0*8 wt 


titanium substituted Ni ^Zn 5^®2^4 ® mono- 


8 


tonic rise by Das * 


3 


2) A dip in lattice parameter was observed by Mlsra for 


The linear increase of lattice parameter observed was 
followed by the flattening of the curve with zirconium, 
niobium additions in Mi ^Zn ^^^ 2^4 s^^owed the limit of 
their solubility in the case of Das®, 

There was no appropriate explanation given for the initial 
dip observed for titanium additions by Das, Misra*s explana- 
tion to the observed variation of lattice parameter of titanium 
substituted Ni was based on cation distribution 

resulting in an initial decrease of net charge at A site 
followed by a subsequent increase at later stage. From the 
analysis of cation distribution he concluded that 

1) At very low percentages titanium enters the A site, 

2) At higher percentages after a critical value, titanium 

starts entering the B site. 

4 + 

3) The entry of Ti in the spinel lattice creates vacancies. 

As a result, the charge at A site decreases with the entry 
of titanium, because of the combined effect of (a) excess 
charge of over one as it enters the site (b) transfer 

of seme Fe®^ from A to B site and (c) removal of half divalent 
ion (zinc valency) from the site to maintain the charge balance 

The lowering of charge at A site increases theMadelung 
constant (Gorter^) and the fact that the lattice |>araffleter 
varies inversely with Madeiung constant accounts for the 
iratial dip. At higher percentages, starts entering tl»B 


B sites which incroa*' s the charge at A sit'^ leading to 
the increase in lat ice parameter. Also, with higher additions 
of titanium, vacancies increase which tend to repel the 
neighbouring ions thereby causing further increase in the 
lattice parameter. 


The explanation based on Misra fails to account the 

absence of initial dip in other qquatdvalent cations such as 

zirconium and tin (Fig, l) additions in Ni ^^n 7^®2^4* 

substitutions by zirconium and tin increases the lattice 

parameter as they presumably enter the solid solutions. The 

present observations of lattice parameter variation with 

25 

zirconium adoition are similar to that of Das , 


In this case (Fig, l) the limit of solubility of 

zirconium in Mi ^Fe^O^ is 1 wt ie , after which the 

linear increase of lattice parameter tends to flatten out, 

AisOj peaks of Zr02 were observed at 3 and 8 wt '-fs indicating 

25 

the limited solubility of zirconium. Das had found the 
solubility limit to be 3,40 wt ^ 5^'^ 5^®2^4* 


5.3 CURIE TEMPER.^TUHE 

The nature of tha curves of magnetic moment variation 
with temperature in Mi YFe20^ improved with increase in 
firing time from 2 to 6 hours at i 200 ^c(Fig. 5), This 
clearly indicates the improvement in homogenisation of the dopant 
in the ferrite matrix and better ferritisation of the material. 


The dips in curie temperature with th*^ dopant addition 
are observed in the additions of titanium, zirconium and tin 
(Figs. 7,8 and 9), The dips are followed by a rise in 
all the dopant additions, the rise being maximum in the case 
of titanium. 

2 

Gorter showed that the substitutions of now magnetic ioi 
in tetrahedral site cause a decrease in curie temperature and 
the substitution in octahedral site also decreases the curie 
temperature but relatively less. The addition of zinc ferriti 
to nickel ferrite decreases the curie point. Expression 
for determining the curie temperature of Ni-Zn ferrite wa$ 
given by Gilleo^ involving the interaction parameters. But to 
a system like ours no theoretical calculation of curie 
temperature is available. Misra had indicated the possibili 
of determining the curie temperature using a 5-sublattice 
model. The working out of the problem will be an extensive 
theoretical works. 

The observed variations of curie temperature with the 
quatrivalent cations like titanium, zirconium and tin are 
similar (Figs, 7, 8, and 9), The initial fall and rise of 
curie temperature is more prominent in the case titanium than 
in zirconium and tin additions. The observed variation is n 
understood in any of the above high-valent cation addition in 


The temperature variation of magnetic moment of the 

titanium, zirconium, and tin aaa tions is shown in Figs, 

4,5 and 6. In ali the cases the magnetic moment does not 

become zero and a small tail is observed near the curie point. 

Our method of sample preparation is expected to be more 

chemically homogenous and this tail cannot be attributed 

to chemical inhomogenity . alone. Further interpretation 

in terms of short-range ordering is required to explain the 

observed tail. However, no further, analysis of the tail was 

do' 

carried out and curie temperature was determined from ^ versus 
T curves. 



CHAPTER 6 


SUMMARY AND CONCLUSIONS 

Ni yFo 20 ^ was dopod with titanium, zirconium and tin 
by the solution mothod to a limit of 8 wt 5^ , 8 wt 5^ and 5 wt ^ 
respectively . 

Step-scan method in conjunction with X-ray diffractometer 
was used for lattice parameter determination. The accurate 
extrapolated lattice parameter values were calculated from the 
lattice parameter versus Nelson-Riley function plot by least 
square fit of a straight line. 

Vibrating magnetometer was used to determine the saturation 
magnetisation at lOKOe and the curie temperature at a residual 
field of 40 Oe, 

For Ti doped samples, the lattice parameter drops 

sharply at low percentages followed by a monotonic rise upto 

8 wt ^ * This may be explained on the basis of increase in 

4+ 

charge due to the entry of Ti ions in the A sites at low 

/] f- 

percentages. The entry of Ti ions to B sites at higher 
percentages decreases the net-charge at A site and also the 
number of vacancies increase thereby further increasing the 
lattice , parameter. 



The lattice parameter of Zr^ ions doped samples 
increases upto 1 wt ^ and then tends to flatten off indicating 

the limit of solubility of zirconium. The lattice parameter 

4 + 

of Sn increases monotonically upto the limit of the study. 

The lattice parameter increase in both Zr^ and Sn^ ions is 
explained on the basis of cation vacancies. 

Sharp initial decrease of magnetic moment is observed 
with the additions of Ti"^, Zr"^, and Sn"^, In the case of 
titanium addition the initial dip is followed by subsequent ris 
and again a fall in magnetic moment at higher percentages. In 
the case of zirconium addition the initial dip is followed by 
a gradual slope and a very small increase and with tin additior 
the initial dip is followed by a gradual change of slope. 

The observed variations of magnetic moment in all i±ie thrs 
cation additions may be explained based on the model of transfs 
process of Fe^ ions depending on the site preference of the 
substituting ion, 

Wiidi the addition of titanium, zirconium and tin the curi€ 
temperature falls steeply at low percentages, followed by 
subsequent rise. This is maximum in the case of titanium. 
These observations could not be explained for any of the 
dopant addition alttiougb a. similar variation has been observed 
earlier. 


The firing ana rce nding o'*- ih sanples improved the 
j. lative si arpness of the tr sition oi magnetic monont v;irh 
t^.mpei ature, Thv, samoles for 6 hours with j.egrii ding 

showed a relatively sharper transition indicating the better 


hornogenity 


Table 1 


Ionic radii and atomic ghts of component 

eleren ts* 


Slements 

Atomic 
weight ■ 

Normal 

valency 

stated 

Ionic radius 
(OA) 

Mickel (Ni) 

58,71 

2+ 

0,69 

Sinic (Zn) 

65.37 

2*^ 

0.74 

Iron (Fe) 

55,85 

2+ 

0.64 

Titanium (Ti) 

47,90 


0.68 

Zirconium (Zr) 

91.22: 

4”^ 

0.79 

Tin (Sn) 

118^69 

4+ 

0.71 


’'■Reference i - 'Hand Book of Chemistry and Physics’, CRC Press, 
, both edition, 1980”'81, p. F-214. 


Table 2 


i) Packing material 


Batch composition 


omponent 

Molecular 

weight 

Composition 

(parts) 

Percentage weight 
of the component 

Grade 

iO 

74.71 

15 

9.375 

L.R. 

nO 

81.37 

35 

23.825 

L.R. 

^2^3 

159.70 

50 

66,800 

L.R. 


ii) Base-ferrite (Ni ^Zn ,^Fe20^) 


etal Atmonic Percentage Metal oxide Percentage 

weight . weight of the formed weight of 

metal metal oxide 

formed 


ickel 

58.71 

10,06 

NiO 

9.37 

inc 

65.37 

26.14 

ZnO 

23.83 

ron 

55.85 

63.80 

^®2°3 

66.80 
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Table 8 


Variation of magnetic moment of Ni ^n ^Fe-O. with 
appl5.ed field at room temperature 


pplieci field 
K. Oe) 
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)om temperature - 24°C 
iss of the sample = 0*0712 


Magnetic 

moment 

0.0007 

0.098 
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7.668 

0.1570 

22.050 
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33.146 

0.2920 

41.011 
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0.3970 
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0.4110 
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0.4340 
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61.657 




rH 

-Q. 

It) 

Hh 


CD 

O 

•H 

-P 

IC 

-H 

'C5 

C « 
cy -P 

c 
0) ra 
p a 

3 O 
'P "a 
05 

M -p 

cy d 

0-9 
S P : 

CD CD ; 
P .P# 
*H' ;■ 

<y -ri :v 

U - 

■ 3^- ■- 

. o 4^ - ^ 

■'EJ ' ■■ 

* 3: i 

go 

o <it) 
Sfif 
. 

o * 
•i-i a . . 

S'lo 

. •w ■•■ w. 

tH 
tiD O 
C --T 
O M 
•H 3J 
-P P 
fd oj 
f-s S 
3 Id 
P P 

13 (3 

c^Q a 


p 
05 
<D P 
O 0 
H S 
p uJK 
p p p- 
cn fo 
•— J 3t 


I 

o 

a 

B 

o 

© 

-H 3 0 
PPO 

;3 

O P 


00 !> O fO CJ OO iD 

CNf v£i iT) \£> O 

t 4 r-t P tH H tP CM 

"Cj- 'd' ^ Kj- ^ 

• *••«•« 

a? 03 CO CO GO CO CO 



p 

c: 

ct) 

a 

o 

Q 


vO 


tD 


'*ri 

■o '<y- 'g 
P to 
P ‘HPs. 

P 0 
P © s : 
■ 3 

■ 

vs,s 


OP 

':■ C 

O' o 
p a 
o o 
"s^' 'O 


© 

x: 

p 

o P 

»• 

-p o 

5 -o 


P CO CO CN CN) O OJ 

. • • - « • • ■ « 

P O' CM O' CO vD 00 

O CM P ^ GO vO CM 

CM P P P P P P 


P O' tf> 00 \0 \0 xO 

* ■ - » * • • • • 

ItfiP'd-'dD O'CMf- 

CM 00 00 Nd- o CM 00 


^8 


f- O' § OJ O' 
CM CM 00 00 P 



r- 

CO 


ro 

CO 

p 

\o 

p 

r- 

iO 

vD 

'O 

MO 

00 

00 

o 

O' 

P 


. * 

• 

• 

4 

4 

• 

• 

pi 

lO 

Q 

'd- 

CO 

CO 

CO 

nD 

St 


'S- 

If) 


CM 


CO 


Q Q Q Q O 

i> io O to O c^ 

o p 00 't O' CO 


r o o o 

« • » 

o o o 


o 

o 


O CM 

4 m 

o o 


CM 


lO 

o 

o 

o 

Q O 

CM 

to 

o 

lO 

o o 

• 

4 

« 

4 

♦ » 

o 

o 

tH 


00 00 


3 

•ri 

C 

ra 

jj 


coifotd 


56 


vO 00 00 tT' 
oo O Q OOI> 
o/ W w 
'= 3 ' <t ^ 

• • • • * • . 

00 00 00 .00 CO CO 


in 

CM 

^- 

CO 

m 

■H 

00 

co 

CO 

N 

OJ 

cv 

CM 

CM 

TO 

'^J'. 



'^r 

n 3- 

• 

* 

• - 

- • ■ 

'• 

00 

CO 

00 

00 

00 


O eo .00 o 

.w. Ci Q GF!,: ^ 

Q T^-. .-HC ^ ■#. ;: 

T-l -H "el iH (^i ^ 


O 00 0\ ON ON 

* • # • ♦ 

i>- fo tn o CO 
O On r 4 rH 
■H ■H 


■ O', . 00 . . O' t> . o\ ■ 

'0 'it:. ' * * ■.<« 

» no ^ :<p t ' o h 

<0 o 

^ irt <; Q CO 

{ 0 i|, oi cv ro CM 


'0" \0 €Tn CO ON 

' 0 0 . • 0 • 

nH . Gh CO 

00 O CO 
^ O ON ON 00 

00 CN) CM OJ 


" 3 : ^ 

TO. ^ if> CO <0 

,* ' ''■"*' * ■ 

,Q 03 On n;;- cm 

V ^ OJ TO 


I S S g 8 

On ON \0 N^ -H 

' ■ • ■ • • • • 

ON (O 'sf 00 TO 

■Nj” 'Nj' 


■On.' . in oJ O 

N!}- ON ON ON 00 in 

O O' tM OJ uO HO 

O O O O O -H 

«■ W t 

O O O o O o 


Q Q o o o 

^ 00 %0 CN} O 

O O 00 CO 

o o o o o 

'• % « « ' 4 

o o o o o 


S 8 8 8 8 8 S S 8 8 8 

OOt-trHTOCO n o -r^ <N lO 









Temperature (®C) 




ResIdtjQi field 3 40 C 


Temperature (®G) 



Residual ^ 40 C 



A 0.25 wt Vi 


0.50 wt Vi 


o. I.OOwtV. 


• t.SOwt Vi 


Temperature C*^C} 


ResrduGl ^ 40 Of 

^ 0. 25 wt Vo 

o O.SfwtVo 


f 1.00 wt Vo 



^ 2.0Owl«4« 


5,00 wf Vo 






V 

A? , <■ 


50 100 150 200 250 300 35 


Temperature (°C) 



Weight percentage 






iim 

W<^r 


V? *'.1, 





fjHp: 


Snoekf ’Nan matsriaJLs for high 

iancy’ , Philip's Tech, HavieW, J (1946), pp, 353-360, 



’Saturation Jaagnatrsation and crystal 



Philips Res, Rap, 9 


lasse^ ’Crystal cheiftistry -and ^^ome magnetic properti 
ixed tnetal oxides w.ith spi-nel structure’. Philips 


interactions ’’ in ferriraagnet 
contain randomly incomplete 
,:^e^aiii6n Press, vol* 




' ^Cation distribution from 
ferrite ' , Indian J. Pure, 








pmtism 


micro s true tura 


lel ferrites’, Material Sci. Engg,, 3 (l960»69). 


319-331. 


,$atyamurthy, M.G, Natsria, S,I. Yousseif, 

. Begum and C.M, Sraevastava, Phy.Rev. , (1969), 

969 , 



67 



Misra, ‘Magnetic studie^s^ of titanium subs ti tut 
i y «. Furritos and soma ailoy systems*, Ph,D, Tht 
, KanpuJC (1981), 

irivastava^^ Ci, .S-tiinivasin ^and R,G, .Nandikarr 
>^i ttei angioa in -■zine-nidkel farri tea, . Phys . 

J as it979U:]P.. ■ ■ 

vnowles, ‘Magnetic after eCf!@.cta,.in forrites: 
Ltutad ,with Ti or Sft* , Philips Res*, Hep. 29 


.ty and conductivity of Ti 
philips, Res, Rep* ^5 (2), 


■- 1 ^ ^ ^ pr o c e s.s i ng paraifte ■ 

.''j. •- 

y ' 

,-®Pd magnetic spectrum o 
i p,- Fortitisation and micro- 
Trans. Indian Ceramic Soc., ,3)^ 


teson, *i>Jew techniques for 
metry of Ni-Zn ferrites', 


st annual moe 


sches, ’Thermo 


gas interactions o 


r 


pp, 60 3 607, 



^an*kov and L*A, Bashkirov, ^Mechanism or 
ta formation', J* Solic Stat* Chain,, (USA), 

, 1981, pp^ !29B*»308* 

DlSiova# forsmtion in Ni-Zn farrites*, 

keram (stch), (8), (1982), pp, 2D7«9, 

■cal Ab^ vol* 97, Mo *24, .(l9a2}* 

lit *ForritasS Philips ttebntcai 

tr^, Ein<^oven ( Holland), (1958), p. 145. 

PO:Wd.a.r diffraction fil© Mo* 8-234. 

and Wijn, »;F©rrit©s* , Philip© Tachiiical 

'l|indhov©n (Holland), (1958), p. 158, 


h‘ ^ V*; * 


.^r.' '^odarn Vlnor chemistry ' , 

^db^ietry and Physics', CHC Press Inc,, 

reactions’, compiled by 
by Clifford A. Hampeli, VI-3- 
^oott, 'Stanc'.ard methods of chemical analy; 
Van'.Nostrand Compa Inc., Vol, 1 - The elements, 
978. 

tcyclopedia of chemical reactions’, compiled by C.A 
;obson and edited by Cliff A. Hampall, VII-984, 
kl— 985. 

V, Das, ’M.Tech, Thesis’, IIT Kanpur, (l9Sl) 



69 


26, P.K, Das and A,R, Das, 'Effect of titanium, zirconium, 
and niobium on lattice parameters, density and satura- 
tion moment of Ni ^Fe^O^* , to be published in 
Trans, Indian Cera. Soc. 

27, A.R* Das and A, Sen, 'Effect of TiO^ additions on 
saturation magnetisation and magnetic spectrum of 
Ni ^n ^Fe20^ ferrite', Trans* of Indian. Cera.Soc., 

.40 (4), (1981). 

28, Yafet, Y. and Kittel, C-. , 'Anti ferromagnetic arrangements 
in ferrites’, Phy* Rev., 87 (2), (1952) pp. 290-94, 



APPaNDiX 


ESTIMATION OF LATTICE PARAMETER 

The lattice parameter was precisely estimated using 
Nelson-Riley function* 

The d values were calculated using Bragg’s law 

A = 2d sin0 

where '20' was the diffraction angle and ' ' was the wave- 

length of chromium target* 

The d-values calculated were used to find out the lattice 
parameter, 'a' as 


a - d(h^+k^4-l^)^ 

where hkl were the indices for the diffracting planes adopted 
from ASTM data file for Ni-Zh ferrite. 


Precise lattice parameter was obtained by extrapolating 
the lattice parameter to © = 90° and using Melson-Riley 
extrapolation function f(©). This function was chosen to use 
the low angle reflections for extrapolation of the lattice 
parameters* The Nelson-Riiey function is given by 


2 2 

f(&) - (sin 0 ^ ^ 


Accurate determiriatlon of angle was done by step scan 
method. The X-^ray coUnts were plotted against 29, The curves 

^ are shown 

in Fig, 10, The exact 2© corresponds to the maximum peak 
position which was measured accurately upto + 0,01 clegre©.,_ 

A|Computer program was written to calculate the 
extrapolated lattice parameter from the lattice parameter 
versus Neison-Riley function plot by least square fit of a 
straight line. The calculated d, hkl, lattice parameters and 
the corresponding Nelson-Riley function are given in Tables 
5,6 and 7, The extrapolated lattice parameters are given in 
Tables 5,6,7 and 9, for titanium, zirconium and tin additions 


foi^ 1 wt , titanium substituted Ni 
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